INTRODUTION {#S1}
===========

The prevalence of Alzheimer's disease (AD) is anticipated to increase significantly over the next few decades^[@R1]^. This is alarming given that no effective treatment options are available to prevent, treat or manage AD. Thus, there is an unmet and urgent need to develop new therapeutic approaches to mitigate this disorder.

Environmental factors such as diet are associated with AD risk^[@R2],\ [@R3]^ and dietary interventions have been tested in patients with some success. For instance, patients following the Mediterranean-Dietary Approaches to Stop Hypertension (DASH) diet for 4.5 years had significantly lower rate of AD by 54%^[@R4]^. A more recent clinical study using 70 subjects found that consumption of a Mediterranean diet reduced Aβ-amyloid load^[@R5]^. These results highlight how nutritional interventions may be key to reducing the development of AD pathogenesis; however, more work is necessary to understand the mechanisms by which dietary interventions lower AD pathology.

Homocysteine (Hcy) is a neurotoxic amino acid that accumulates in various neurological disorders, including AD^[@R6]--[@R8]^. Notably, elevated plasma Hcy doubles the risk of developing AD and dementia^[@R9],\ [@R10]^. Recent studies suggest that Hcy induces cognitive and memory decline by increasing neuronal calcium influx that promotes amyloid and tau protein accumulation, apoptosis, and neuronal death^[@R6],\ [@R11],\ [@R12]^. Consistent with these observations, increasing Hcy exacerbates Aβ pathology in animal models of AD^[@R13],\ [@R14]^. Thus, reducing Hcy may be a valid approach to mitigate AD pathology.

Choline, a nutrient part of the vitamin B complex, converts Hcy to methionine^[@R15],\ [@R16]^. Increasing choline intake during gestation and lactation improves cognition in mouse models of Down syndrome^[@R17]--[@R19]^. However, it has yet to be determined if maternal choline supplementation (ChS) improves cognitive deficits and reduces brain Hcy levels in mouse models of AD. Additionally, it has yet to be determined whether the benefits of maternal ChS are transgenerational. To this end, there is growing literature suggesting that specific dietary compounds induce benefits that may persist across multiple generations^[@R20],\ [@R21]^.

Materials and Methods {#S2}
=====================

Animals and behavioral testing. {#S3}
-------------------------------

We have backcrossed the APP/PS1 mice^[@R22]^ for 12 generations into a pure 129/SvJ background. All protocols were approved by the Institutional Animal Care and Use Committee of Arizona State University. Both male and female APP/PS1 mice were used for breeding and testing. The Morris water maze task was conducted as previously described^[@R23],\ [@R24]^.

Diet Regimen and sample size {#S4}
----------------------------

We exposed 2.5-month-old NonTg and APP/PS1 breeders to either a control (CTL) diet containing 1.1 g/kg of choline or to a choline supplemented (ChS) diet containing 5.0 g/kg of choline ([Fig. 1a](#F1){ref-type="fig"}). The concentration of choline was obtained from previous publications^[@R17]--[@R19]^. The offspring (Gen-1) were exposed to either the CTL or ChS diet during gestation and lactation (until postnatal day 21), and then kept on the CTL diet for the remainder of their lives: (i) APP/PS1 CTL = 18, (ii) NonTg CTL = 26, (iii) APP/PS1 ChS = 24, (iv) NonTg ChS = 17. The sample size was chosen based on previous experience performing similar experiments in these mice. We bred a subset of Gen-1 mice with each other and obtained Gen-2, which were never exposed to ChS ([Fig. 1b](#F1){ref-type="fig"}): (i) APP/PS1 CTL-CTL = 17, (ii) NonTg CTL-CTL = 20, (iii) APP/PS1 ChS-CTL = 15, and (iv) NonTg ChS-CTL = 14. The ChS-CTL mice were derived from mothers who were exposed to ChS during gestation and lactation. The CTL-CTL mice were derived from mothers who were never exposed to ChS. The behavior experiments were performed in all mice. Mice were randomly selected for the gene expression, biochemical and histological analyses and n's are shown in the corresponding results section.

Western blots, ELISA, and Immunohistochemistry. {#S5}
-----------------------------------------------

Western blots were performed under reducing conditions as we previously detailed^[@R25]^. To asses soluble and insoluble levels of Aβ, we used the Life Technologies ELISA kit as previously described^[@R26]^. The immunohistochemistry was performed as we previously described^[@R26]^.

Antibodies. {#S6}
-----------

The following antibodies were purchased from Abcam: BHMT (\#ab96415), CD68 (\#ab955), Rbm25 (\#ab72237), Synaptophysin (\#ab32127). Cell signaling: β-actin (\#4967), Pin1 (\#3722), PSD95 (\#3409). Millipore: anti-Aβ~42~ (\#5078P), 6E10 (\#MAB1560), APP C-terminal (\#171610). Santa Cruz Biotechnology: H2-Ab1 (\#sc-71201). Wako: Iba1 (NCNP24).

Homocysteine and methionine detection in the brain. {#S7}
---------------------------------------------------

Hemispheres were homogenized and processed using Liquid Chromatography-Mass Spectrometry as previously described^[@R27],\ [@R28]^.

RNA sequencing and differential expression. {#S8}
-------------------------------------------

RNA was isolated from the hippocampus using the RNeasy Kit (Qiagen). Sequencing libraries were prepared with 250 ng of total RNA using TruSeq Stranded Total RNA with Ribo-Zero Gold Kit (Illumina Inc). PCR-enriched fragments were validated on a 2200 Tapestation (Agilent Technologies) and quantitated via qPCR. The final library was sequenced by 50bp paired-end sequencing on a HiSeq 2500 (Illumina). The reads were aligned to the mouse reference genome (mm9 build 37) as described in^[@R29]^. Outliers and batch effects detection were conducted through Principal Component Analysis (PCA). Gene expression differential analyses were performed using the R-package DESeq2 v1.14.1^[@R30]^. Raw RNA-Seq data will be publicly available on Gene Expression Omnibus repository.

Enrichment and protein-protein interaction network analyses. {#S9}
------------------------------------------------------------

Pathway enrichments were assessed using KEGG^[@R31]^, Panther^[@R32]^, and REACTOME^[@R33]^. Gene Ontology enrichment was conducted using the same statistical method as for the pathways^[@R34]^. All the results were corrected with the Bonferroni's method, considering pathways significant at adj p \< 0.01.

We conducted a Network Topology-based analysis (NTA) using the Network Expansion method^[@R35]^ referencing to BioGRID 3.4 database (<https://thebiogrid.org/>) and setting the number of top-ranking neighbors to 10. The generated network was investigated for enriched Gene Ontology classes, correcting the p-values with the FDR method^[@R36]^. The NTA was conducted using WEBGESTALT^[@R37]^.

Statistical analyses. {#S10}
---------------------

Repeated measures ANOVAs were used to analyze the behavioral experiments followed by Bonferroni's corrected post hoc tests when appropriate. Two-way factorial ANOVAs were used to analyze probe trial dependent measures, body weight, western blot, Hcy, and methionine levels. Student's unpaired t-tests were employed for comparison of APP/PS1 mice within each generation. Examination of descriptive statistics revealed no violation of any test assumptions necessitating use of statistical test other than the ones used. For all analyses, the variance was approximately the same among groups.

RESULTS {#S11}
=======

Maternal ChS ameliorates spatial memory deficits and amyloid pathology in APP/PS1 mice. {#S12}
---------------------------------------------------------------------------------------

We assessed body weight in 12-month-old Gen-1 mice and found that APP/PS1 mice were heavier (38.53 ± 1.762g) than NonTg mice \[31.95 ± 2.002g; F~(1,\ 81)~ = 12.224, p \< 0.01\]. These changes were independent of the diet ([Fig. 1c](#F1){ref-type="fig"}). We then tested 12-month-old Gen-1 mice on the Morris water maze (MWM). For the five-day learning phase, we found a significant effect of day for distance traveled (F ~(1,\ 4)~ = 32.967, *p* \< 0.0001; [Fig. 1d](#F1){ref-type="fig"}) and escape latency (F~(1,\ 4)~ = 29.714, p \< 0.0001; [Fig. 1e](#F1){ref-type="fig"}) to the platform, indicating that all groups learned at the same pace. On day 6, we performed a probe trial and found a significant genotype by diet interaction for platform crossings (F~(1,\ 81)~ = 4.308, p \< 0.05; [Fig. 1f](#F1){ref-type="fig"}) and latency to first cross the platform location (F ~(1,\ 81)~ = 4.840, p \< 0.05; [Fig. 1g](#F1){ref-type="fig"}). Post-hoc analyses revealed that APP/PS1 ChS mice performed significantly better than APP/PS1 CTL mice and as well as the NonTg groups in both measurements (p \< 0.05). Lastly, we found no significant differences in swim speed on day 6 of testing among the four groups ([Fig. 1h](#F1){ref-type="fig"}). These results demonstrate that maternal ChS improves spatial reference memory deficits in adult APP/PS1 mice.

We immunostained sections from Gen-1 APP/PS1 CTL and APP/PS1 ChS (n = 6/group) mice with an Aβ~42~-specific antibody. We found a 44.01 ± 21.69% decrease of Aβ load within the hippocampus of ChS mice compared with the CTL counterparts (t~(10)~ = 19.739, p \< 0.01 ; [Fig. 1i--k](#F1){ref-type="fig"}). We measured Aβ levels by sandwich ELISA and APP processing by western blot. Soluble and insoluble Aβ~40~ and Aβ~42~ levels were significantly lower in ChS mice compared to the CTL mice (soluble Aβ~40~: t~(10)~ = 16.408, p \< 0.01; soluble Aβ~42~: t~(10)~ = 14.438, p \< 0.01; insoluble Aβ~40~: t~(10)~ = 9.863, p \< 0.05; insoluble Aβ~42~: t~(10)~ = 6.727, p \< 0.05; [Fig. 1l--m](#F1){ref-type="fig"}). While APP and C83 levels were similar between the two groups, C99 levels were lower in APP/PS1 ChS mice (t~(10)~ = 11.014, p \< 0.01; [Fig. 1n--q](#F1){ref-type="fig"}). These results are consistent with a recent report showing that maternal ChS reduces Aβ levels. ^[@R38]^

To determine the effects of ChS on synaptic function, we measured the levels of the synaptic markers synaptophysin and PSD95. Synaptophysin levels were similar among the four groups in Gen-1 and Gen-2 ([Supplementary Fig. 1a--b](#SD1){ref-type="supplementary-material"}). In contrast, in Gen-1 there was a significant genotype by diet interaction for PSD95 (F ~(1,\ 20)~ = 4.400, p \< 0.05; [Supplementary Fig. 1a, c](#SD1){ref-type="supplementary-material"}). Post hoc analyses indicated that the APP/PS1 ChS mice had significantly higher levels of PSD95 than APP/PS1 CTL mice (p \< 0.05). In Gen-2, we found a significant main effect of diet for PSD95 (F~(1,\ 20)~ = 4.590, p \< 0.05; [Supplementary Fig. 1d--f](#SD1){ref-type="supplementary-material"}), which indicated that ChS-CTL mice had significantly higher levels of PSD95 than the CTL-CTL counterparts.

Transgenerational effects of ChS on AD-like pathology {#S13}
-----------------------------------------------------

To determine the transgenerational effect of ChS, we used 14.5-month-old Gen-2 mice. We found a significant difference in body weight between APP/PS1 (37.559 ± 2.073g) and NonTg mice (30.394 ± 1.532g; F~(1,\ 62)~ = 12.737, p \< 0.01; [Fig. 2a](#F2){ref-type="fig"}). This difference was independent of diet. We then tested Gen-2 mice in the MWM. During learning, we found a significant effect of day for distance traveled (F~(1,\ 4)~ = 12.021, p \< 0.0001; [Fig. 2b](#F2){ref-type="fig"}) and for escape latency to the platform location (F~(1,\ 4)~ = 25.598, p \< 0.0001, [Fig. 2c](#F2){ref-type="fig"}). Notably, we found a significant effect of diet for escape latency (F~(1,\ 62)~ = 4.213, p \< 0.05; [Fig. 2c](#F2){ref-type="fig"}), indicating that the ChS-CTL mice learned faster. On the day 6 probe trial, there were no statistically significant differences among the groups for all measurements ([Fig. 2d--f](#F2){ref-type="fig"}).

At the end of the behavioral testing, we immunostained sections from Gen-2 APP/PS1 CTL-CTL and APP/PS1 ChS-CTL (*n* = 6/group) mice with an Aβ~42~-specific antibody ([Fig. 2g--h](#F2){ref-type="fig"}). There was a 29.37 ± 21.03% decrease in Aβ~42~ plaque load in APP/PS1 ChS-CTL mice compared with APP/PS1 CTL-CTL mice (t~(10)~ = 7.627, p \< 0.05; [Fig. 2i](#F2){ref-type="fig"}). Next, we measured Aβ levels by sandwich ELISA and found that soluble Aβ~40~ levels (t~(10)~ = 7.937, p \< 0.05), insoluble Aβ~40~ (t~(10)~ = 5.648, p \< 0.05), and insoluble Aβ~42~ levels (t~(10)~ = 7.937, p \< 0.05) were significantly lower in APP/PS1 ChS-CTL mice compared to APP/PS1 CTL-CTL mice ([Fig. 2j--k](#F2){ref-type="fig"}). No significant differences were detected for soluble Aβ~42~ levels ([Fig. 2j](#F2){ref-type="fig"}), full-length APP, C99, and C83 ([Fig. 2l--o](#F2){ref-type="fig"}). Although further experiments are needed to address this difference, it is tempting to speculate that the effects of ChS are stronger in the Gen-1 mice because these mice were directly exposed to ChS during gestation and lactation, compared to Gen-2 mice. Indeed, the latter group was never directly exposed to the ChS diet.

ChS alters the gene expression profile in key signaling pathways. {#S14}
-----------------------------------------------------------------

We performed RNA sequencing (RNA-Seq) using the hippocampus of 12-month-old Gen-1 APP/PS1 CTL (n = 8) and APP/PS1 ChS mice (n = 9). We found 27 differentially expressed genes between the two groups ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). To validate the RNA-Seq data, we measured three randomly-selected genes by qRT-PCR: *Pin1*, *H2-Ab1 and Rbm25*. Consistent with the RNA-Seq data, we found a significant upregulation of *Pin1* (p = 0.048) and downregulation of *H2-Ab1* (p = 0.034) and *Rbm25* (p = 0.041) in APP/PS1 ChS compared to APP/PS1 CTL mice ([Fig. 3a](#F3){ref-type="fig"}). We also measured the steady-state levels of these proteins in both Gen-1 and Gen-2 APP/PS1 mice (n = 6/group) and found a significant upregulation of Pin1 protein levels in Gen-1 APP/PS1 ChS (t~(10)~ = 5.388, p \< 0.05, [Fig. 3b--c](#F3){ref-type="fig"}) mice compared to CTL counterparts. We also found a significant downregulation of H2-Ab1 (t~(10)~ = 6.632, p \< 0.05) and Rbm25 (t~(10)~ = 5.352, p \< 0.05) in Gen-1 APP/PS1 ChS mice compared to CTL ([Fig. 3b--c](#F3){ref-type="fig"}). We found consistent results in Gen 2 \[Pin1: t~(10)~ = 5.292, p \< 0.05; H2-Ab1: t~(10)~ = 5.153, p \< 0.05; Rbm25: t~(10)~ = 6.054, p \< 0.05; [Fig. 3b, d](#F3){ref-type="fig"}\]. These results highlight consistent changes in protein levels in both Gen-1 APP/PS1 ChS and Gen-2 APP/PS1 ChS-CTL mice.

To determine the functional profile of our gene set, we performed a Gene Ontology analysis. We obtained a total of 57 enriched processes (adj *p* \< 0.01) with a range of 4 to 8 genes included in each process. For each Gene Ontology category, we observed that immune-related processes were most significantly enriched, namely "peptide antigen binding" (adj p = 5.59E-06), "negative regulation of immune system process" (adj p = 1.96E-04), and "major histocompatibility complex proteins" (adj p = 1.00E-08) ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). We next performed pathway analyses and obtained a total of 22 enriched pathways, which also showed a prevalence of immune system related processes ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). We then analyzed the upregulated (n = 8) and downregulated (n = 19) gene sets independently. When we only analyzed the upregulated genes, we did not identify any significant processes. In contrast, when we only analyzed the downregulated genes, we identified the same significant processes that we identified when we included all 27 genes ([Supplementary Tables 4--5](#SD1){ref-type="supplementary-material"}). This suggests that the downregulated genes drive the Gene Ontology results.

Using a protein-protein interaction analysis, we obtained an expanded sub-network of 14 genes, including 4 of the input genes from the initial 27 differentially expressed genes (Pin1, Rpl19, Rbm25, and H2-Ab1). The network was enriched for two Gene Ontology processes related to "neuron death" (FDR adj p \< 0.05; [Fig. 3e](#F3){ref-type="fig"}, [Supplementary Table 6](#SD1){ref-type="supplementary-material"}). We repeated the analysis using only the downregulated genes (n = 19) and obtained an extended subnetwork of 11 genes, including two input genes (*Rbm25* and *RunX1;* [Fig. 3f](#F3){ref-type="fig"}). This network was significantly enriched for Gene Ontology processes related to histone and chromatin modification, histone deacetylation and gene expression regulation (FDR adj *p* \< 0.01; [Supplementary Table 7](#SD1){ref-type="supplementary-material"}). We repeated the network analysis including the upregulated genes (n = 8) and found an extended sub-network weakly enriched in Gene Ontology processes related to neuronal death (FDR adj p \< 0.05; [Fig. 3g](#F3){ref-type="fig"}, [Supplementary Table 8](#SD1){ref-type="supplementary-material"}). These results illustrate that maternal ChS alters gene expression throughout life, predominantly those genes involved in the brain immune response, histone modifying processes and regulation of neuronal death.

Transgenerational reduction of activated microglia in APP/PS1 mice. {#S15}
-------------------------------------------------------------------

We examined microglia activation by double-staining tissue with an antibody against Iba1, a marker of total microglia, and CD68, a lysosomal marker (n = 3 /group). The levels of CD68 are increased in activated microglia^[@R39]^. Thus, CD68 and Iba1 colocalization signals can be used to determine the ratio of activated versus total microglia. In Gen-1 mice, we found a significant reduction in microglia activation as indicated by a decreased intensity of yellow pixels of CD68/Iba1 colocalization in the ChS mice (t~(4)~ = 3.562, p \< 0.05, [Fig. 4a--b](#F4){ref-type="fig"}). In Gen-2 mice, microglia activation was reduced in APP/PS1 ChS-CTL mice compared to CTL-CTL counterparts (t~(4)~ = 3.787, p \< 0.05, [Fig. 4c--d](#F4){ref-type="fig"}).

Transgenerational reduction of brain Hcy levels in APP/PS1 mice. {#S16}
----------------------------------------------------------------

High Hcy levels double the risk of developing AD and dementia^[@R7],\ [@R9]^, and increase Aβ aggregation^[@R6],\ [@R7],\ [@R14],\ [@R40]^. Hcy is converted to methionine through betaine-homocysteine-methyl-transferase (BHMT)^[@R9]^. We used liquid chromatography-mass spectrometry to measure the brain Hcy and methionine levels (n = 6/group). In Gen-1 mice, we found a significant effect of diet where the ChS groups had significantly lower Hcy levels than the CTL groups (F~(1,\ 20)\ =~ 10.059, p \< 0.01, [Fig. 5a](#F5){ref-type="fig"}). We also found a significant genotype by diet interaction for Hcy (F~(1,\ 20)~ = 6.984, p \< 0.05, [Fig. 5a](#F5){ref-type="fig"}). Post-hoc analysis revealed that the APP/PS1 ChS mice had a 56.27 ± 21.34% reduction in brain Hcy levels compared to the APP/PS1 CTL mice (p \< 0.05). Notably, there were no significant differences between the APP/PS1 ChS and NonTg CTL mice. Consistent with these results, we found that ChS groups had significantly higher levels of methionine than the CTL groups (F~(1,20)~ = 21.403, p \< 0.001, [Fig. 5b](#F5){ref-type="fig"}). Next, we measured the expression levels of BHMT (n=4 for CTL and CTL-CTL/genotype; n = 5 for ChS and ChS-CTL/genotype) and found that both APP/PS1 (t~(7)~ = 5.851, p \< 0.05, [Fig. 5c, d](#F5){ref-type="fig"}) and NonTg ChS mice (t~(7)~ = 8.709, p \< 0.05, [Fig. 5c, e](#F5){ref-type="fig"}) had significantly higher expression of this enzyme than the CTL counterparts. In Gen-2 mice, we found a significant effect for diet where Hcy levels were lower in the ChS-CTL groups than the CTL-CTL groups (F~(1,\ 20)~ = 17.852, p \< 0.001; [Fig. 5f](#F5){ref-type="fig"}). Additionally, we found a significant genotype by diet interaction (F~(1,\ 20)~ = 5.059, p \< 0.05; [Fig. 5f](#F5){ref-type="fig"}). Post-hoc analysis revealed that APP/PS1 ChS-CTL mice, whose parents were exposed to ChS, show a 35.21 ± 8.25% reduction in brain Hcy levels compared to the APP/PS1 CTL-CTL mice (p \< 0.05). We also found a significant effect of diet for methionine levels where ChS-CTL groups had significantly higher levels than the CTL-CTL groups (F~(1,\ 19)~ = 8.876, p \< 0.01; [Fig. 5g](#F5){ref-type="fig"}), and a significant genotype by diet interaction (F~(1,\ 19)~ = 13.976, p \< 0.01 ; [Fig. 5g](#F5){ref-type="fig"}). Post-hoc analysis revealed that APP/PS1 ChS-CTL mice show a significant increase in brain methionine levels compared to the APP/PS1 CTL-CTL mice (p \< 0.05). Consistent with the Hcy data, BHMT levels were increased in APP/PS1 (t~(7)~ = 8.709, p \< 0.05, [Fig. 5h--i](#F5){ref-type="fig"}) and NonTg ChS-CTL mice (t~(7)~ = 10.398, p \< 0.05, [Fig. 5h, j](#F5){ref-type="fig"}).

DISCUSSION {#S17}
==========

Our results show that maternal ChS produces life-long improvements in cognition and AD-like pathology. We demonstrate a reduction in AD-like pathology in Gen-2 APP/PS1 mice, which were never exposed to ChS, highlighting the transgenerational effect of choline. The decline in AD pathology was associated with a decrease in brain Hcy levels. This is remarkable as high Hcy levels double the AD risk and facilitate Aβ aggregation ^[@R6],[@R9]^. We further show that maternal ChS alters the expression of genes within networks involved in brain immune response, histone modifications and regulation of neuronal death months following the initial supplementation. Consistent with the changes in the expression of genes linked to the immune response, we find reduced microglia activation in both APP/PS1 generations. The changes in the expression of genes involved in histone modification could explain the long-lasting effects observed in Gen-1 and the transgenerational effects of ChS.

Our results show that ChS reduced Aβ pathology in both generations of APP/PS1 mice who were directly or indirectly exposed to ChS. This is consistent with one report indicating that early gestation ChS reduces amyloidosis in APP/PS1 mice \[[@R38]\]. We also find that ChS improves spatial memory in Gen-1 APP/PS1 mice and spatial learning in Gen-2 ChS-CTL NonTg and APP/PS1 mice. While this could appear as a discrepancy, it must be noted that the Gen-1 mice were behaviorally tested at 12 months of age while Gen-2 mice were tested at 14.5 months of age. 12-month-old APP/PS1 CTL mice are not impaired in spatial learning; thus, at this age, there is no deficit to improve. However, 14.5-month-old APP/PS1 CTL-CTL were significantly impaired compared to age-matched NonTg CTL-CTL mice. Under these conditions, ChS rescued learning deficits.

Our results show a transgenerational reduction of brain Hcy levels with maternal ChS. Substantial evidence indicates that high Hcy levels are toxic and increase Aβ aggregation^[@R41]--[@R43]^. Specifically, homocysteine binds to Aβ and facilitates its aggregation and accumulation. Thus, it is tempting to speculate that the reduced Aβ levels in the APP/PS1 mice exposed to ChS are linked to lower homocysteine levels, which in turn reduce Aβ aggregation and accumulation. It is also plausible that reduced microglia activation may contribute to lower Aβ levels in APP/PS1 mice.

Choline converts homocysteine to methionine through the donation of methyl groups by choline's metabolite, betaine^[@R15],[@R16]^. During development, choline is a primary dietary source of methyl groups to produce S-adenosylmethionine, which is a substrate for epigenetic mechanisms^[@R44],\ [@R45]^. Enriching the pool of methyl donors in early development leads to changes in epigenetic patterns that can be inherited through cell replication and persist throughout multiple generations^[@R44]^. For example, Waterland and colleagues found that a high methyl donor diet was sufficient to prevent the transgenerational amplification of obesity in an obesity-prone mouse; benefits that were seen in two subsequent generations^[@R21]^. Notably, our results show downregulation of genes involved in histone modifications and chromatin remodeling suggesting that maternal ChS may have induced alterations in gene expression that led to reductions in brain Hcy and AD-pathology.

In conclusion, the present study demonstrates that supplementing the maternal diet with additional choline improves spatial memory and reduces Aβ pathology in APP/PS1 mice. The reduction in AD pathology is associated with decreased brain Hcy levels. Remarkably, we provide compelling evidence that maternal ChS also produces transgenerational benefits. If these findings generalize to humans, ChS may help mitigate the estimated increased prevalence rate of this insidious disease. Moreover, because the animal literature indicates beneficial effects of ChS for normal cognitive aging^[@R46],\ [@R47]^, and recent evidence shows benefits in humans^[@R48]^, this type of nutritional advice could be given to the general population, thereby providing substantial benefits of cognitive function throughout life.
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![Maternal ChS ameliorates spatial memory deficits and reduces Aβ pathology.\
**(a-b)** Experimental design. Gen-1 offspring were exposed to either the CTL or ChS diet during gestation and lactation and kept on the CTL diet for the remainder of their lives. Mice were behaviorally tested on the MWM at 12 months of age. Gen-2 mice were never exposed to ChS and were on the CTL diet for their entire lives. These mice were tested on the MWM task at 14.5 months of age. **(c)** Body weight of 12-month-old Gen-1 mice. **(d-e)** Distance traveled and escape latency to the platform during the learning phases of the MWM. **(f-h)** Probe trials for the MWM. **(i-j)** Sections from APP/PS1 mice stained with an Aβ~42~-specific antibody. **(k)** Quantitative analysis of the Aβ~42~ load. **(l-m)** ELISA measurements for soluble and insoluble Aβ. (**n-q**) Western blot and quantitative analyses showing APP, C83 and C99. Data are presented as box plots. The center line represents the median value, the limits represent the 25th and 75th percentile, and the whiskers represent the minimum and maximum value of the distribution. \* *p* \< 0.05, \*\* p \< 0.01.](nihms-1512411-f0001){#F1}

![Reduced AD-like pathology in Gen-2 mice.\
(a) Body weight of 14.5-month-old Gen-2 mice. (b--c) Distance traveled and escape latency to the platform during the learning phases of the MWM. (d--f) Probe trials for the MWM. **(g--h)** Sections from APP/PS1 mice stained with an Aβ~42~-specific antibody. **(i)** Quantitative analysis of the Aβ~42~ load. **(j--k)** Soluble and insoluble Aβ levels, measured by ELISA. (**l--o**) Western blot and quantitative analyses showing APP, C83 and C99. Data are presented as box plots. The center line represents the median value, the limits represent the 25th and 75th percentile, and the whiskers represent the minimum and maximum value of the distribution. \* *p* \< 0.05, \*\* p \< 0.01.](nihms-1512411-f0002){#F2}

![Validation of altered hippocampal gene expression and protein-protein network analysis in APP/PS1 mice.\
**(a--d)** qRT-PCR data and western blot analyses for *Pin1, H2-Ab1,* and *Rbm25*. **(e--g)** Protein-Protein Network analyses that included (e) the 27 genes that were differentially expressed, (f) the 19 genes that were significantly downregulated and (g) the genes that were significantly upregulated. The large circles are the input genes (differentially expressed genes in our input list), while the others are top-ranking neighbors. Data are presented as box plots. The center line represents the median value, the limits represent the 25th and 75th percentile, and the whiskers represent the minimum and maximum value of the distribution. \* *p* \< 0.05.](nihms-1512411-f0003){#F3}

![Transgenerational reduction of activated microglia in APP/PS1 mice.\
**(a, c)** Photomicrographs of hippocampal tissue from Gen-1 and Gen-2 APP/PS1 mice fluorescently stained for Iba1 and CD68. **(b, d)** Quantitative analysis of CD68/Iba1 colocalization. Data are presented as scatterplots with mean ± SE. \* *p* \< 0.05.](nihms-1512411-f0004){#F4}

![Transgenerational reduction of brain homocysteine by altering methionine cycle.\
Transgenerational reduction of brain homocysteine by altering methionine cycle. (a--b) Hcy and methionine levels in Gen-1 mice. (c--e) Western blot analysis of betaine-homocysteine-methyltransferase (BHMT) in Gen-1 mice. (f--g) Hcy and methionine levels in Gen-2 mice. (h--i) Western blot analysis for BHMT in Gen2 mice. For box plots the center line represents the median value, the limits represent the 25th and 75th percentile, and the whiskers represent the minimum and maximum value of the distribution. For scatterplots, data are presented as mean ± SE. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001](nihms-1512411-f0005){#F5}
